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Additional Experimental Details 1. Sample Preparation
For the laboratory powder and single-crystal X-ray diffraction and DSC experiments, about a 1 / 100 mole sample of C 6 H 5 CH 3 :C 6 F 6 was prepared by the addition of 0.929 g of toluene (Fisher Scientific T/2300/17 2.5 L, MW=92.14, AR grade > 99.8%) and 1.863 g of hexafluorobenzene (Aldrich H8706, 100 g, MW=186.05, 99%) in a small sealable bottle. To minimise loss of C 6 F 6 the bottle was additionally sealed with Parafilm™. To dissolve the solid and ensure complete mixing of the liquid components, the sealed bottle was gently heated in warm water (40-50 C). Subsequently, it was left in a fridge (5 C) to solidify and to minimise loss of either one or both components. A similar process was used for the preparation of the p-C 6 H 4 (CH 3 ) 2 :C 6 F 6 adduct: 0.929 g of p-xylene (Sigma-Aldrich, 95,682-2.5 L, MW=106.17, GC grade > 99%) was added to 1.863 g of hexafluorobenzene (Aldrich H8706, 100 g, MW=186.05, 99%). Small samples of the adducts were taken from the bottles as required, either using a spatula for the solid or a pipette for the melt, with the bottles being resealed with Parafilm™ and returned promptly to the fridge for later use. A small amount of melted C 6 H 5 CH 3 :C 6 F 6 was pipetted into the sealed end of an X-ray capillary, shaken to one end, and then carefully flame-sealed to avoid sample loss. A similar procedure was used for all of the capillary samples required including those containing the p-C 6 H 4 (CH 3 ) 2 :C 6 F 6 adduct. The flame-sealed end was checked visually for integrity and samples were used immediately in all diffraction experiments.
Powder Diffraction Measurements and Analyses
Variable temperature PXRD measurements were performed using a Stoe Stadi-P diffractometer equipped with a Cu anode, Ge<111> monochromator, a Dectris Mythen 1K detector, and an Oxford Instruments CryojetHT (90-500 K) with an in-house modified sample setup to discourage the formation of ice on the goniometer head at low temperature.
C 6 H 5 CH 3 :C 6 F 6 in a 1 mm capillary was quenched to 120 K and PXRD patterns were obtained on heating in 10 K intervals to 300 K at which point the sample was in the liquid state. The detector was scanned in 2θ from 0° to 60° in steps of 0.5° at 10 s per step, a complete scan lasting approx. 30 min; each 10 K temperature change took approx. 7-10 min and the sample was kept at the set temperature for 5 min before starting the next scan. Given the potential for sample granularity observed in the test measurements made using an area detector (see section 4 below), several repeat sample-quenching measurements were made at 150 K in an attempt to generate better PXRD patterns, but all showed a lack of reproducible peak intensities and therefore a lack of suitability for use with Rietveld refinement. The data is shown in Fig. 1 and Fig. S1 . Due to curiosity over the reproducible peak shape for the phase I to phase II transition seen on both heating and cooling in the DSC experiments, an additional experiment was made on the C 6 H 5 CH 3 :C 6 F 6 adduct. A 0.7 mm sample was quenched to 150 K and then heated in 1 K steps from 230 K to 244 K using the same scan procedure to obtain PXRD pattern. The data is shown in Fig. S3 .
A similar experiment was performed on a 1 mm capillary sample of the p-C 6 H 4 (CH 3 ) 2 :C 6 F 6 adduct. The sample was quenched at about 180 K and then cooled down to 100 K. PXRD patterns were obtained on heating to 310 K in 10 K intervals at which point the sample was in the liquid state. An identical scan procedure as described above was used for the measurements. Following the observation of a monoclinic cell in the single-crystal experiments close to the melting point of p-C 6 H 4 (CH 3 ) 2 :C 6 F 6 , a second heating experiment was performed with a new sample. A sample quenched at low temperature was heated from 280 K to 300 K in 1 K steps with PXRD patterns obtained at each step using the same scan procedure as for the 10 K step experiment. The data is shown in Fig. 2 and Fig. S4 . The narrow range for phase I discovered initially by SXD is evident. The monoclinic cell was confirmed by a La Bail fit to the data of the sample at 300 K as shown in Fig. S17 .
DSC Measurements and Analyses
Solid C 6 H 5 CH 3 :C 6 F 6 was loaded into a steel sample pan which was quickly sealed with a screw lid. A mass of 21.30 mg was recorded using a Mettler 5 digit balance. The sample pan was then loaded into a PerkinElmer DSC8000 calorimeter at +20 °C. A helium purge gas was used for all experiments (40 mL min −1 ). As a result of the hysteresis observed in previous DSC experiments on this types of adduct 1 , a scan sequence was employed which involved cycling between high and low temperature. Prior to each cooling or heating ramp at 10 °C min −1 , the sample was held isothermally for 4 min. The sample was initially cooled to −150 °C, heated to 0 °C (to avoid the melt), cooled to −150 °C, and finally heated to 40 °C. A similar experiment was performed on the p-C 6 H 4 (CH 3 ) 2 :C 6 F 6 adduct using 16.61 mg of the solid with a similar thermal scan sequence, the sole difference being an additional cooling scan at the end of the sequence from 40 °C to −20 °C.
Raw DSC data in units of mW is readily converted to DSC data in kJ K −1 mol −1 by dividing by the DSC heating rate and the molar quantity of adduct present. Subsequent data analysis to determine both peak maxima and peak area used the Pyris Thermal Analysis software (version 11.1.1.0492) from PerkinElmer. Despite the speed used to handle samples in the open, the analyses showed a small loss of C 6 F 6 due to its high volatility, which resulted in a small excess of toluene (estimated at 3.5%) and p-xylene (3.6%) in each sample, respectively, as shown in Fig. 3 .
Control DSC data on C 6 F 6 was published previously. 1 Two additional control DSC experiments were performed on the other individual components: the masses of toluene and p-xylene used were 13.01 mg and 14.70 mg, respectively. For both toluene and p-xylene, the thermal scan sequence was hold for 4 min at 20 °C, cool from 20 °C to −150 °C at 10 °C min −1 , then hold for 4 min before heating from −150 °C to 40°C at 10 °C min −1 . The enthalpies of fusion (∆H = 4.2 kJ mol −1 and 15.8 kJ mol −1 for C 6 H 5 CH 3 and p-C 6 H 4 (CH 3 ) 2 , respectively) are in reasonable agreement with literature values. 2
SXD Measurements and Analyses
All SXD measurements were made using an Agilent Oxford Diffraction SuperNova equipped with a microfocus Cu Kα X-ray source and an Atlas CCD detector. Initial measurements on a 0.5 mm capillary sample of the C 6 H 5 CH 3 :C 6 F 6 adduct showed that the transition from the melt to the solid resulted in a polycrystalline sample (see Fig. S7a ). At this point no attempt was made to create a single-crystal and the sample was cooled rapidly to various temperatures demonstrating the existence of several phases (see Fig. S7b-d ). Subsequently, in an attempt to demonstrate that single-crystal methods would be unable to solve the structure of C 6 H 5 CH 3 :C 6 F 6 in phases II and III, a single crystal of phase I was grown by gentle cooling and subsequent annealing of the sample at about 284 K within the capillary (see Fig. S6a ). A full sphere of data was collected at 2 s per frame in 75 min of the sample at 260 K to a resolution of 1 Å as, from PXRD data, the plastic phase I was known to exhibit little Bragg scattering at high 2θ angles. A typical data frame is shown in Fig. S7e showing a few discrete spots characteristic of a single crystal. This crystal was then cooled through the I-II transition to 235 K in an attempt to demonstrate that a polycrystalline pattern would result. Unexpectedly, the crystal broke into relatively few pieces and, despite this fragmentation and severe mosaic spread (1.7°, 3.6°, 3.6°), the CrysAlis Pro software package (version 1.171.39.46 from Rigaku Oxford Diffraction 3 ) was able to identify a triclinic unit cell from which a set of I(hkl) could be obtained. A full sphere of data on phase II to 1.0 Å resolution was collected initially at 235 K in 1.5 hr, and then to 0.9 Å resolution at 210 K. Given the unforeseen success on cooling from phase I to phase II, the sample was cooled further, initially to 185 K, and then to 150 K (as seen in Fig. S6b ). Despite the increase in mosaic spread to 4.7° (as seen in the peaks in Fig. S7f ), a sensible triclinic cell could still be identified for phase III. Full spheres of data to 0.8 Å resolution were collected of phase III at 185 K and 150 K in 4.5 hr.
The structure of phase III of C 6 H 5 CH 3 :C 6 F 6 was solved in space group P1 and refined by least-squares within the Olex2 program suite 4 using the ShelXT 5 structure solution program and the ShelXL 2014 refinement program. 6 Although the structure was solved in P1 with the a centrosymmetric origin, the structure was subsequently refined in a non-standard setting of the space group with the centre of inversion at ¼,¼,¼ so as to make an easier comparison with phase II (as seen in Fig. 4 ). The position and isotropic displacement factor of the hydrogen atoms were refined freely. Crystallographic and derived chemical parameters are given in Tables 1a-e. The structure solution of phase II was initially problematic: the ShelXT structure solution program readily identified the C 6 F 6 moiety but could not identify toluene, which clearly must be disordered given the inversion site symmetry. A successful structure refinement was achieved in ShelXL using a heavily restrained model for the toluene molecule with twofold disorder due to inversion symmetry as illustrated in the figure below, where the two inversion symmetry-related C 6 H 5 CH 3 molecules are shown as dark pink and light blue stick figures (as used in Fig. 4 ):
Once the structure had been refined successfully, the SXD data for phase II was reprocessed with a doubled volume cell in the non-standard I1 setting of space group P1 so as to make an easier comparison with phase III (see Fig. 4 ). Refined parameters are shown in Tables 2a-c. With this setting, there is a 1:1 relationship between the unit cells of the two phases as seen in Table 1 . The relationship between phases I and II is not immediately obvious but becomes clearer if the monoclinic cell seen in Fig. 4 is considered. Given the values of the rhombohedral lattice parameters a R and c R in Table 1 , this equivalent monoclinic cell has the lattice parameters: a′ = ⅓(3a R 2 + c R 2 ) ½ = 7.6327 Å, b′ = a R = 12.5609 Å, c′ = c R = 7.1407 Å, α′ = 90°, β′ = 90° + tan −1 {c R / (√3 a R )} = 108.17°, γ′ = 90°, and V′ = ⅔V R = 650.4 Å 3 . Initial values for the coordinates of the C and F atoms in the C 6 F 6 moiety can be deduced from knowledge of the structure of phase II, but the position of the dynamically-disordered C 6 H 5 CH 3 molecule cannot be refined due to the large number of parameters required to model it with only 42 unique I(hkl) observations (see Table S3a ). This is in marked contrast to phase I of C 6 H 6 :C 6 F 6 where few parameters are required to model the dynamic disorder of the highly-symmetric C 6 H 6 ring. Crystallographic parameters (see Tables S3a-c) for the C 6 F 6 moiety can be obtained by using the "squeeze" option within the least-squares refinement which, in effect, treats the C 6 H 6 CH 3 molecule as disordered "solvent".
For the C 6 H 4 (CH 2 ):C 6 F 6 adduct, a single crystal was grown by gentle cooling and subsequent annealing of the sample at about 300 K within a 0.5 mm capillary (see Fig. S6c ). Repeat experiments just below the melt always resulted in a C-centred monoclinic cell, which then transformed to a twinned triclinic one on slight cooling, which explains Dahl's observation of "unstable crystals" at room temperature. 7 To check that the observation of a new monoclinic phase was real, especially given the difficulty in observing it by DSC measurements, further PXRD measurements were made as described in Section 2. A part sphere of data was collected on phase I at 300 K and the crystal was then cooled down to phase III at 150 K (as shown in Fig. S6d ). A full sphere of data was measured at 2 s per frame in just over 3 hr in this and subsequent experiments. The data was processed as twinned using a C-centred triclinic unit cell to enable comparisons with phase I. The sample was then heated to phase II at 240 K and a further sphere of data was collected as for phase III. The experiment was repeated at 280 K when the sample was still in phase II and, finally, repeated at 300 K, at which point the sample was in phase I again.
The crystal structures of all phases of C 6 H 4 (CH 2 ):C 6 F 6 were solved and refined by leastsquares within the Olex2 program suite 4 using the ShelXT structure solution program and the ShelXL 2014 refinement program 6 . Crystallographic and derived chemical parameters are given in Tables 4a-e, 5a-c, and 6a-c. Although the structure was solved in P1 with a centrosymmetric origin, the structure was subsequently refined with a standard origin setting of the space group using a non-standard C-centred triclinic cell for both phases III and II to make easier comparisons with phase I (as seen in Fig. 5 ). The position and isotropic displacement factor of the hydrogen atoms on the C 6 -ring were refined freely in phase III, but restraints were applied to the H atoms of the ordered -CH 3 group. In phase II, the -CH 3 group was modelled as disordered, again using SADI and SIMU restraints within ShelXL. In phase I, a riding model was used to restrain the isotropic displacement parameters for both ring and methyl group H atoms. S1d. Selected bond lengths for phase III of C 6 H 5 CH 3 :C 6 F 6 at 150 K.
Atom -Atom Length / Å Atom -Atom Length / Å
F(1) -C(1) 1.334(4) C(4) -C(5) 1.383(5) F(2) -C(2) 1.337(4) C(5) -C(6) 1.372(5) F(3) -C(3) 1.340(4) C(7) -C(8) 1.371(6) F(4) -C(4) 1.334(4) C(7) -C(12) 1.400(5) F(5) -C(5) 1.335(4) C(8) -C(9) 1.394(6) F(6) -C(6) 1.344(4) C(9) -C(10) 1.390(6) C(1) -C(2) 1.383(5) C(10) -C(11) 1.385(6) C(1) -C(6) 1.376(5) C(11) -C(12) 1.388(6) C(2) -C(3) 1.366(5) C(12) -C(13) 1.496(6) C(3) -C(4) 1.371(5) Table S1e. Selected bond angles for phase III of C 6 H 5 CH 3 :C 6 F 6 at 150 K.
Atom -Atom -Atom
Angle / ˚ Atom -Atom -Atom Angle / ˚ . Selected bond lengths phase III of p-C 6 H 4 (CH 3 ) 2 :C 6 F 6 at 150 K.
Atom -Atom Length / Å Atom -Atom Length / Å
1.381(3) C(6) -C(7) 1.505(3) 1 x, ȳ, 1−z and 2 x, ȳ, z Table S4e . Selected bond angles for phase III of p-C 6 H 4 (CH 3 ) 2 :C 6 F 6 at 150 K. Table S5b . Fractional atomic coordinates and equivalent isotropic displacement parameters (Å 2 ) for phase II of p-C 6 H 4 (CH 3 ) 2 :C 6 F 6 at 240 K. U eq is defined as ⅓ of the trace of the orthogonalised U ij tensor. R 1 = 0.0859, wR 2 = 0.2443 Largest diff. peak/hole / e Å −3 0.23/−0.14 Table S6b . Fractional atomic coordinates and equivalent isotropic displacement parameters (Å 2 ) for phase I of p-C 6 H 4 (CH 3 ) 2 :C 6 F 6 at 300 K. U eq is defined as ⅓ of the trace of the orthogonalised U ij tensor. Table S7a . Lattice parameter data obtained from Le Bail fitting of the variable-temperature PXRD data on C 6 H 5 CH 3 :C 6 F 6 . S1 . Laboratory PXRD data of a sample of C 6 H 5 CH 3 :C 6 F 6 as a function of heating from 120 K to 300 K in 10 K steps measured on a Stoe Stadi-P diffractometer with Cu Kα 1 radiation, λ = 1.54056 Å. PXRD patterns of phase I are shown in red, phase II in green, phase III in blue, with the liquid state shown in magenta. Very weak peaks due to a trace quantity of solid toluene below 170 K are not visible in this 3-D style plot of data presentation but can be seen more readily in the surface style plot in Fig. 1 of the paper and in the intensity expanded plot of Fig. S2 . Fig. S2 . PXRD data in black of C 6 H 5 CH 3 :C 6 F 6 at 150 K measured with Cu Kα 1 on a Stoe Stadi-P diffractometer with Cu Kα 1 radiation and enlarged with respect to the intensity axis to show weak peaks in the pattern: to give an idea of scale, the height of the most intense peak at 13.32° is around 37,000 counts. Vertical tick marks in blue show the position of the peaks calculated from the unit cell determined by a LeBail 8 fit to the data. The PXRD pattern calculated from the single-crystal structure of toluene at 150 K 9 (CSD Refcode TOLUEN03) using Mercury 10 is shown in red. Peaks that vanish on heating the sample to 180 K are indicated with red arrows and these all match the 8 most intense peaks in the PXRD pattern of solid toluene at 150 K.
Atom -Atom -Atom
Atom
T / K a / Å b / Å c / Å α / ° β / ° γ / ° V / Z / Å 3 Fig.
Fig. S3
. Laboratory PXRD data of a sample of C 6 H 5 CH 3 :C 6 F 6 as a function of heating from 230 K to 244 K in 1 K steps measured on a Stoe Stadi-P diffractometer with Cu Kα 1 radiation, λ = 1.54056 Å, shown as 3-D(upper) and top-view surface plots (lower) using the same colour schemes as used in Fig. 1 and Fig. S1 , respectively. Two transitory Bragg peaks (at 2θ ≈ 17.6° and 27.1°) appear in the phase II data (marked by the red arrows) and these reach maximum intensity at the transition temperature and then vanish. These unattributed peaks, possibly from just one crystal, exhibit a narrower width than the other PXRD peaks in the pattern. The appearance of the sample of C 6 H 5 CH 3 :C 6 F 6 on cooling down to 150 K. In contrast to the sample at 210 K (not shown), the sample at this temperature has a distinctly white appearance not only due to the fracture of the single crystal(s) grown in phase I on cooling to low temperature but due to the formation of a small amount of powdered solid toluene due to a slight loss of C 6 F 6 on handling the adduct as demonstrated by PXRD (see Fig. S2 ). Lower pictures: (c) Single crystal of phase I of C 6 H 4 (CH 3 ) 2 :C 6 F 6 in a flame-sealed 0.5 mm capillary grown at 300 K just below melting point. Although there is clearly more than one crystal present, the micro X-ray beam can be aimed at the predominantly clear part of the capillary. S8 . (a) SXD diffraction patterns taken of the single crystal of C 6 H 4 (CH 3 ) 2 :C 6 F 6 at 300 K grown from the melt and (b) at 150 K in phase III showing that the crystal survives the phase transitions. This is attributed to the insignificant volume changes observed at the phase transitions (see Fig. 6 (b) ). As observed by Dahl, 7 untwinned crystals (c) of C 6 H 4 (CH 3 ) 2 :C 6 F 6 soon twin on cooling and remain twinned down to low temperature as seen in the reciprocal space plots using the Ewald explorer software in CrysAlis Pro (d). Fig. S9 ) to emphasise the different orientations of the two molecules in phases II and III. Thermal ellipsoids are drawn at 50% probability (with H atoms at a fixed radius) using Mercury. 10 Point-group symmetry elements are shown in blue. The prime symbol on a label indicates a symmetry-related atom and a few atom labels are omitted for clarity. Note that the numbering scheme skips digits 3 and 4 for phase I.
Fig. S12
. Structure of p-C 6 H 4 (CH 3 ) 2 :C 6 F 6 seen down a (a) in phase I at 300 K, (b) in phase II at 240 K, and (c) in phase III at 150 K. Thermal ellipsoids are drawn at 50% probability (with H atoms at a fixed radius) using Mercury. 10 Point-group symmetry elements are shown in blue.
The shortest C-F...H-C distances (< 2.9 Å) are shown in cyan.
-34 - Fig. S13. (a) Upper graph shows the percentage change in lattice parameters a, b, and c (in black, red, and blue points, respectively,) for C 6 H 5 CH 3 :C 6 F 6 as a function of temperature on heating (with respect to values at 120 K for phases II and III and with respect to values at 240 K for phase I).
(b) Lower graph shows the corresponding changes in the cell unit angles α, β, and γ (in black, red, and blue points, respectively). Dashed vertical lines mark the phase boundaries; dotted lines through the points are a guide to the eye. Error bars are not shown on the points as sample granularity results in non-random errors, which are larger than the statistical errors given in Table S7a . Fig. S14. (a) Upper graph shows the percentage change in lattice parameters a, b, and c (in black, red, and blue points, respectively,) for p-C 6 H 4 (CH 3 ) 2 :C 6 F 6 as a function of temperature on heating (with respect to values at 100 K for all phases). (b) Lower graph shows the corresponding changes in the cell unit angles α, β, and γ (in black, red, and blue points, respectively). Dashed vertical lines mark the phase boundaries; dotted lines through the points are a guide to the eye. Error bars are not shown on the points as sample granularity results in non-random errors, which are larger than the statistical errors given in Table S7b .
Fig. S15
. Summed intensity of some non-I-centred reflections that give rise to peaks at 2θ ≈ 6.6°, 27.8°, and 29.4° in phase III of C 6 H 5 CH 3 :C 6 F 6 as a function of temperature. The dotted line is a guide to the eye. There is a some decrease in intensity with increasing temperature due to increased thermal motion of the molecules but the larger decrease in intensity above 150 K can be attributed mainly to progressive orientational twofold disorder of the toluene molecule leading to critical behaviour as the phase III-II transition temperature is approached. Fig. S16 . Three rings from a column of alternating p-C 6 H 4 (CH 3 ) 2 and C 6 F 6 molecules in phase III of p-C 6 H 4 (CH 3 ) 2 :C 6 F 6 at 150 K showing the slight deviation from co-planarity of the near parallel rings, i.e. both rings have a slightly different tilt with respect to the column axis (with approximate values as shown). Least-squares planes through the non-hydrogen atoms are shown in red and the column axis through the centroids of the molecules is shown as a dashed black line. (Note that a slight tilt is given to the column axis so as to give visibility to the least-squares planes.) The figure is drawn using Mercury. 10 Fig. S17 . The plot shows a Le Bail fit 8 to PXRD data on phase I of p-C 6 H 4 (CH 3 ) 2 :C 6 F 6 at 300 K in space group C2/m. Observed data points are shown in black, calculated pattern is shown in red, and difference profile is shown in blue. Vertical tick marks show calculated peak positions from the refined monoclinic unit cell using space group C2/m. By chance, the sample was a mixture of liquid and solid for this particular measurement and the pronounced broad humps due to the liquid phase are clearly evident beneath the Bragg intensities. The observation of these two broad humps is a feature of the liquid phase in each of the adducts C 6 H 6−n (CH 3 ) n :C 6 F 6 for n = 0, 1, 2, and 3, studied recently.
